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b Department ot Matcnals Scienceand Engincmmg, Carnegie Mellon Liniverslty, Pittsburgh. PA ! 5213, U.S.A.
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AbsrrrIcI-- Magnetic hysteresis and flux creep ot’ mclt-

powder-melt-growth (MPMG) YBa2Cu30x containing

nominal O, 25 and 40 mole% Yz13aCu05 (211) were

measured in the temperature range of 5 to 80 K and in
magnetic fields up to 5 T. With the introduced fine
dispersion of second phase 211 particles, the cruical
magnetization current density Jc shows a weak field

dependence over a wide range of temperature. and the
effective pinning energy Ucff is much enhitnccd. From

Lhcse results. a [unctional expression UcfflJ, T) = . (J. C(T)

tJ/Ji) n is obmin; l.. ‘ ‘ierc G(T) = [ I . (7flx)2]2wilh ‘Tx =

S2.5 K near the irn wers~bility temperature. The observed
power-law rcktuon: lip of (/cfffJ, 77 clearly dcmonsrratcs

two of three reglmcs as predicted by [hc theory (Jf collective
Ilux crccp, namely n = 3/2 and 7/9 for J < Jc and ~ c< Jc,

rcspectivcly, In addition, the divcrgcncc of Ucff at low

current dcnsltics af.so suggcsrs tic cxistcncc uf a vortex-gloss
state.

I. iNTRODUCTION

Since the mch-powder-melt-growlh (MPMG/ process
[ I ] was proposed its an cffcctivc tcchniquc m grow
polycrysraflinc YBU2CU30X by introducing a line dispersion

of second phase Y:! BaCu05 particles accompanied by the

hscncc ‘)1 weak links bctwr+wn the gntins, o grca[ numtrcr 01
cxpcrlmcnts m utldcrstand [hc nuutrc ul the plrtnlng
mcchumsm m MPMG proccsscd YBu~Cu30x huvc been

spurred, with the question ot’ the role pltiycd by lhc 211
inclusions ds strrm~ pinning ccnlcrs 12, 31, ‘m overage

gram SMC01 lhc 211 parucics (- I y’n) IS slgnllic:tntly Iur}:cr
than the cohcrcncu Icngth (2.5 A along[hc C.UXMand IO-30
A m the ah-plunc) cd’ YBa2Cu3(.)x us WCII as lhc I]ux Iinc

Imtcc spacing at high magncoc !Iclds,
Pinning by d}c 21 I paruclcs is thought to rake plitcc M

lhc inlcrlacc bctwccn the 211 phosc itnd lhc mutrlx 123
phase 141, Thus the pinning lncrcwscs sly+nificarvly its the
wm 01211 Inclusions is reduced irnd the pamclcs arc more
homogcrrcously diuributcd m the matrix uf Y1302CU q(.)x,

To dmc, tilthough no firm conclusion itbuut the cxw pinning
rncchanlsm of the 211 phitsc IS widrly ;IcccpIcd by

rcsr?archcrs, it Jc v;duc m the rw!cr ot 1($ A/um2 m ’77 K

ml I T tuts been mcosurcd on the bmt hll’hl( i proccsscd
YfWu(.) I 5], ‘Iltis obscrv:mon )usulics lhc Cmltrlbullon

—.
Mwtuscrlpl rccclvcd AuNus~ 24, lt)~2. This work Wiis

pcrtormcd under the Uusplcc$ {)1 lhc [)nilcd Shitcs
I)qxtrtmcnt ol Ihcrgy, 01 Ilcc of [incrgy Mmtgcmcllt,

of the 211 phase to strong pinning in MPMG matcriaf.
[n this paper, a comparison of magnetic hysteresui and

magncuzation relaxation among three MPMG samples widr
various nominal concentrations of 21 I inclusions is,
therefore, presented to study the trend of flux pinning. The
main results show that (i) Jc’s are much improved and (ii)

higher values of the effective pinning energy L/eff are

achieved with an increase in the number of 211 inclusions.
In parucular, Ueff_(~, 7) follows a powcr+tw relationship,

which wus prewously prcdictcd by the hcory of collcmve

IIUX crwp [6]

11.EXPERIMENTAL. DETAILS

The MPMG polycrysutls containing nominal 0, 25 and
40 mole% 211 inclusions, which arc hcrcatlcr called YI.0,

Y 1.5 and YI,8, respectively, were prepared for this work,
The details ot’ sample prcptmtion have bccrr described

clscwhcre [5]. Thin sampics of approximately the same
size used for measurements were then cut from the three
pellets. The large sample surfacs to which the magnetic
field is rtpplicd prepcndicularly h= a cross-section of about

().25 x 0,1 cm2. The c-axis of the sample is pardlcl to the
thinnest dimension (-- 0,05 cm).

A superconducting quantum intcrfcrcnce dcvicc
(SQUID) magnctomctcr (Model MPMS; Quantum Dcsigrr)
wus cmploycd to rnc~$urc the supcrconductlnc Wmsmon

wmpcruturc /“c, nmgncuc hywcrcsls ( i.c,, M (cwru/cm3)

versus // (T)!, and magnctmrtitm rclitxittiort (i.e., Af

(emu/cm3 ) versus i (SCC)) 0[ [hc sumplcs. The

wrnpcruturcs tind mugnctu: fields mvcstlgalcd arc in the
r;mges of 5.80 K and 0-5 T, rcspezuvcly. A scan Icngth of 3

cm was used in order m rniilimim the nonunifomnity 01 the
upplicd magncuc field, The magncuc field is upplicd

pamllcl 10 the c-axis of rhc snmplc, For the mcmtrcmcnt of
rmtgncuzauon rcliuuttion, the Iicld wus Iirst rwcd to 5 T und
Lhcn Iowcrcd m tic mmsurmg vttluc to assure that the
samples nrc fully pcrrctratcd with a mormtoruc [lUX pro(ilc.
For brcvi[y, unly the xloxauon dots ukcn ‘u 2 T arc
dcscrhwl in this work,

Ill, DATA ANALYSIS

The crucml infornumon 01’ inicrcs[ m study Ihc cifcct of
211 inclusions on the rmrgnctlc propcrtlcs of the MPMG

samples mcludcs the mtigncuc irrcvcrslbllity Iinc (i.e., l’i~

versus //lrr), (I1c magncuc Jc, itnd the CIICCIIVC plnnlng

energy (/c. If, ‘1’hc mrcvcrslhili[y Wnlpcruuttcs l’irr’$ urc



obmined trcm r.he point of intcrsecuon of Lhc zero-ticld
cooled und Iicld cooled curves. The corresponding
magncuc ticld is then reeordcd as /llm. TO compare Jc’s

~mong va.nous sarnplcs, the critical magnetization current
densities wc calculated from Urc widti O( L.IIc magneuc
hystcres~ kmp umng l.hc Bean model Ior an otiorhornbw

shaped wnple.
In order to anafyze the relaxation data, Maley eI d. [7j

h~ve proposed a model for [he e(fcctivc pinning energy
u~ff,

Ue[Qk = - T [In(dkf /do - ln(Hak-@2zd)l (1)

where ~ is a characteristic alLcmpt frequency, a is Lhe hop

disumcc ior a flux bundle, and d is the tiickne.ss of a slab of
Lhe superconductor. Ueff at a constant magnetic field is

obmined from M(I) dam by selecting the consrant C = In
(//@d / 2d to achieve the smoodtcst continuous curve of

Ucff versus M (= J) for tempmtures below 15 K where tic

inlrinslc lcmperamre dependence of Llcff is very small.

However. t’or higher tcmpetamre dam this dcpendcncc must
Iw properly ta.kcn imo account as follows. Bcginnmg witi
tic Iowrxt lcmfmuure ckua (i.e., 15 K), each isothermal set
is multiplied by a scaling factor such LJMLit forms a smooth
curve olong wuh tie data scrs recordd at tie adjacctm two
Iowcr lcmpemmms. In other words. tic scaling faclor M
inwoduccd (o move Lhe high-temperature dim pom[s
upwards 10 align with tie smcmth curve extrapolated irom
tie Iow-lcmperam.re dara. By doing so, tic sealing function
(;(~ un bc dctcrrnmed directly from r.he scaling factors
chosen m each lcmperatum wilhot.u sclccLing a functional
form. TIIc final expression for Ucff(J, T) which includes

[hc dcpcndcncc of current dcnsiLy and Lcmpcramrc M lhcn
given as

UC[f(J, ]) = -U. G(7_I F(J /J~ (2)
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[’lg. 1, Magncllc irreversibility Iincs ol (hc MPM(i
}’nu~c”u lox Slmplw

Iuw) from tic ploL ot’ f!/cf( versus J over tic enure range 01

mvesugakd tem~rzuures.

IV. RESULTS AND DISCUSSION

Fig. 1 shows Ltte i.rreverslbihLy Iinc as I - ~flc versus

I/lm in a log-log ploL A rcltionship 1- (Tl~Tc) - /fi# is

obtained approximately for the Lhree different samples.
These samples all exhibit extremely sh~ rransmions (Tc =

91-92 K)aLff= 10&(l 0c=79.6AJm) andno significant
difference in Tlrr’s is observed as the magnetic field is
incti. However, be value of n incmwes slightly widl
increasing concentration of 2 I I inclusions. For the sample
YI.8, n = 2/3 which was also previously repomd in a
YBaCuO single crysraf [8].

I% observed f~om lhe msasummcnt of the hysteresis
loops, k widfr of tic Imps is signifiwrrdy increased by the
imroduction of 2 I 1 parucles. The loop (or Y l,0 appears

almost collapx.d at H = 5 T compared with the hysttxesis
loop of Y1.8 at 80 K which sdl exhibits irmverslbiliLy. For
Lhe Y 1.8 sample, h.m.ertly-shaped hysteresis loops were
obscmcd bCLWeen 50 and 77 K. This anomalous behavior
has been amibuuxf Lo the existence of’ oxygen vzancies or
local Iow-’l.c phases which are quenched by the applied

magncuc field aLhigher temperature to provide extra pinning
ccrucrs [9]. In tic present work, he actual key element
cm.tsmg Lhe burlcrfly loop has nOLbean Idcntifid ycL

d —— —-——. ——
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Fig. 2, (it) Magneuc field dependence and (h) lcm~rnturc

dcpcndcncc 01 crlllcul magncllzmmn currcnL
dcnsium Jc’s,
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ifagneuc JC’S cx~cmd from r.hc hysteresis Imps are

shown In Fig. 2. Considcnng tic Iicld and temperature
dependence oi Jc, sew-d poinrs regarding Lhe function of

the 211 inclusions arc norablc: (i) Jc scales WCII witi r-he

cmcenr.rar.ion of211 fine PCIUCIN. (ii) As iih.rstrmed in Fig.
2 (b), Y 1,8 has tie weakcu wmperame dependence ol ~c

of the lhtu samples, and his is even more obvim.rs at 4 T
r-harr~ lower fields (e.g., 1 or 2 T, dah not shown bereh In
summary, these observauons imply lhat wmh lhc presence of
211 inclusions. r.hc samples exhibit a weak field dependence

of ~c. By increasing tic concenrm.ron 01211 inclusions, tie

regime of weak field dependence can be pushed 10 higher
tcm~ratures (cf. Y 1.5 and Y 1.8 dara m Fig. 2 (b)).

Using Eq. 1, Lhe cffccrive pinning energy Ucff can be

dcmmincd empirically. From tic measured quanulies M
rind I , lhc ln(dM/dl) LCrm can k calcufmed. The consla.nt C
which gives tie best smcnxb ti[ of tie dma &low 15 K al 2 T
was found m be 14 for all Urc samples. As shown in Fig, 3

a lypical Ucff(J) curve for the Y 1.0 sample at 2 T

uncorrected for rhe implicit Lempxm.re dcpendeficc of Ucfl’,

each segmenl of dala Wmr.s reprmenrs a mngnctic rclaxatirm
mcasurcmcm performed al a (ixcd lcmpercu.rrc. For

comparison of tic Ucff (J) curves among the rhrce samples,

[hc value of M (emu/cm3) has been convened LOJ (tA/cmJ )

by raking m[o account rhe sample dimensions. Notice LIML
[he dam polnrs recorded m T > 15 K progressively drop

below tic cu.ne dcwrrnmed by tic Iow-(cmpcmurre dam
Fig. 4 (a) shows ltrc curws of Llcfffi versus J on a log-

IOg Sca.lc, The ckwa were ticn M 2 T bclwcen 5 ,md 60 K.
Y 1.8 has tic highest values of C/cff ,nscompared wirh Y 1.0

ond Y 1.5 even before corrccung lhc imrinsic tcmperamrc
dcpendcncc of C/err. This agmn provides cvldcnce of
smngcr pinning achievcxf by tie addition of 211 inclusions
[o YBU2CU30X. Following tie procedure described txrlicr
in secucm Ill, a smoodr curve ot’ Ucff/[kC(~l versus ~ for

cnch snmplc can be csublishcrf over the cnnrc range of
IIlc.:lsurcnlclll [cmpcrd[urcs, /\l [111$S[hlcc, (;( ’/1 1} (Nllv Lr .\L’l

t)l uunwrud vllucs employed 10 scdlc tic rcltix~(lon du~ Ill

tmfcr m Include Ltrc mlrmslc cmpxm.rrc dcpm.k.mcc,

mfml . . ----- . . . . . . . . . . . .. r...

n

J (A:+)

l:i~. .!. U(tfI/k verxus J M 2 T [or [hc Y 1,0 ,sumplc. ‘I”IIc

numt!cr beslrh! cuch Scgmclll ~Jl dmr rcprc!wnls lJIL’

mwmrretncnl lcmpemmrc.

Anoticr Issue Wrt draws our Wcntion is tie question:

“\Vhai is hc analylicaf dependence O( UC([ on J al a consranl
magneuc Iicld?” Therefore, a log-log PIO1 of Ueff/[kG(~l
vcrsu.s J is shown m Fig. 4 (b) from which two linear

regimes arc obmincd. This indica[cs drat a power-law

expression (leff ({) - (Y /J i)n GUI dMCIItE tie behavior of

Ucff (~ in ~ch region. The slopes of the so!id fines drown
in Fig. 4 (b) are 7B and 3/2 for J c < Jc and ~ < ~c,

rcspectivelv, oblained from Lhe Lhemy of coll%tive Ilux

cr~p (6] for comparison. AS w be seen, tie expmen~

data agra qulre well wish tie predictions of rhc lhemy of
Collective tlux creep. In addition, Ucff(f) wems m be

diverging as J iIpproac~s 0. which firs witiin dIC

framework 01 WC vorwx.glas.. model [10].
To dcwrmme the functional form for C(7), lhe scaiing

numbers G(T) are PIOUIXI in Fig. 5. From ticse data ~inu.

G(77 = [ I - (T/Tx)2]n was found LOtl best witi Tx = 82.5 K
and n = 2 omiuing tie four points from Y 1.8 between 20 and
35 K which fall below every filled curve. Since no

correcuon is made for Ihc implicit r.emperature dcpendcnu

Fig 4.
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of [/cff below 15 K, all the scaling facuws m his rcglme arc

Cquid 10 1. T x = 82.5 K is near lhc irrcvcrslbililv

wmpcrmrc ~84-/f5 K) of lhc samples in qucsuon al 2 T.
Thcrclore, tic lu.ncuona.l form become-s LJcff (j, 77 = - L’. [ 1

(7’/? 32.5) 2](./ /J i)n A more rigorous Ucatment 0(

mmperalure scaling should include a lcmperalure
dcpcndcnce for Ji(T), but it will not slgrulk.armly change tic

qualitative conclusions tor r.his sludy. Comparing tiis work

w Irh ou prcvIous mtxsurcmenrs on oticr MPMG samples
i I I], wc have lound hi in MPMG YBa2Cu30x ,wnples,

[hc proper form of G (T) for scaling tie tcmperan.rre

dcrxndence of U,II f obukxf eit,hcr from a functional form-..
or from curve.t’itting the scaling factors is basically
consistent wih tie Ginzbu.rg-lamiau thco~ for Ucffi’f), and

hc power-law relationship derived from he Lhcory 01”
collccuvc IIUX crccp .sccms 10 accumcly define tic behavior
O( C/cf~J). However, for a given volume of 21 I inclusions,

die effect of Lhc 211 parucle size on Ucff rcqulrcs more

work.

V. CONCLUS1ONS

With Ihc introduction O( 21 I inclusions, Lhc

YBa2Cu30x samples prepared by lhc MPMG process

exhibit a weak field dcpendcncc of Jc and an enhanced

pinning strcnglh. The 211 inclusions seem [o be tic
dominant pinning ccmers especially in tie high tcmpemmrc
rcglme, The obscrwxf power-ltiw relationship bclwccn Ucff

and J ~grces qualilalivcly wi:h ~hc predictions of tic
collective ilux creep rhcory. Ii also su~gcsu Lhc cxislcncc of
a voncx-gltiss state al low J in ticsc MPMG prcccsscd
,wmplcs,
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